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There is an increasing body of evidence which suggests that IL-4 plays a role in the pathogenesis of TB, but a general
consensus on its role remains elusive. We have previously published data from a cohort of Ethiopian TB patients, their contacts,
and community controls suggesting that enhanced IL-4 production is associated with infection with M. tuberculosis, rather
than overt disease and that long-term protection in infected community controls is associated with co-production of the IL-4
antagonist IL-4d2, alongside elevated IL-4. Here, for the first time, we compare data on expression of IFN-c, IL-4 and IL-4d2 over
time in TB patients and their household contacts. During the follow-up period, the TB patients completed therapy and ceased
to display TB-like symptoms. This correlated with a decrease in the relative amount of IL-4 expressed. Over the same period,
the clinical status of some of their contacts also changed, with a number developing TB-like symptoms or clinically apparent
TB. IL-4 expression was disproportionately increased in this group. The findings support the hypothesis that elevated IL-4
production is generally associated with infection, but that TB disease is associated with a relatively increased expression of IL-4
compared to IFN-c and IL-4d2. However, the data also suggest that there are no clear-cut differences between groups: the
immune response over time appears to include changes in the expression of IFN-c, IL-4 and IL-4d2, and it is the relative, not
absolute levels of cytokine expression that are characteristic of clinical status.
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INTRODUCTION
Globally, tuberculosis (TB) is responsible for 2–3 million deaths
and over 8 million new cases annually [1], with the majority of
cases occurring in developing countries, especially in Sub-Saharan
Africa [2]. Lack of known correlates of protection to TB has
greatly hampered efforts for global control of the disease.
Untreated, smear-positive pulmonary TB (PTB) patients are the
main source of infection [3,4] and individuals living in the same
household or otherwise in frequent contact with an infectious
patient are therefore at a high risk of infection [5–7]. However, for
reasons as yet unexplained, the majority of these contacts contain
the infection without developing full-blown TB and it currently
impossible to predict who will and who will not, develop disease.
Likewise, while it is known that both TNF-a and IFN-c are
essential for controlling mycobacterial infections [8–11], the use of
either factor alone as a proxy marker for disease or immunity has
been unsatisfactory [12,13]. The consensus has thus become that
protection or susceptibility is a multi-factorial process, resting on
the balance of multiple factors. Assessing immune correlates
among close household contacts of infectious patients is therefore a
pressing issue, but relies on assessing different factors such as
exposure, infection, disease and/or protection from TB.
The basic hypothesis to be tested was that TB patients at
admission (particularly patients such as those recruited from
Butajira and Hossana hospitals in Southern Ethiopia, who
typically have quite advanced disease when they are first seen)
represented a ‘‘failed immune response’’ which might improve on
treatment, whereas infected, but healthy individuals represented a
‘‘protective immune response’’. Previous reports on this cohort
have suggested that elevated IL-4 mRNA expression in household
contacts correlates with heightened immune responsiveness to
ESAT-6–a good proxy for infection [14]. However, IL-4 mRNA
was also somewhat elevated in healthy, infected community
controls: the difference being that such individuals also expressed
elevated expression of mRNA for IL-4d2, an IL-4 antagonist and
IFN-c [15,16]. These specific cytokines were chosen since IFN-c
serves as a useful proxy for Th1 responses, as well as being
essential for immunity, while IL-4 is the prototypical Th2 cytokine
and has been associated with active TB. IL-4d2 (a splice variant of
IL-4 that appears to antagonize IL-4 action) was included because
its expression appears to correlate with protection from the
pathological effects of tuberculosis [14]–an effect that may be
shared with other IL-4 splice variants [17]. This approach has
previously been shown capable of identifying cytokine expression
profiles that correlate with either active or latent TB disease
[15,16,18] but the earlier studies were limited to comparing
responses between different clinical groups at a single time point
and could only hint at the evolution of the immune response
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The goal of this study was therefore to observe what, if any,
changes occurred in these key cytokines over time. We collected
blood, and purified leukocytes from smear-positive TB patients or
their household contacts before the initiation of treatment of the
index case. A second sample was taken at the time the index case
successfully completed therapy. While there were few clear-cut
differences in individual cytokines between household contacts and
TB patients at entry to the study, healthy contacts had significantly
higher ratios of both IFN-c and IL-4d2 to IL-4 than TB patients.
Interestingly, as we compared the results in TB patients and the
contact group at entry and the end of the study, we saw quite
distinct trends, with an increased ratio of IL-4 to IFN-c or IL-4d2
in all cases being associated with a poorer clinical presentation and
a decreased ratio being associated with a better outcome.
Nonetheless, it is important to stress that similar underlying trends
were detectable in all of the household contacts, suggesting that
rather than protection or susceptibility being associated with the
development of strongly-polarized Th1/Th2 responses, that all the
TB-exposed individuals made a similar suite of responses (with both
‘‘Th1’’ and ‘‘Th2’’ components). The difference between contain-
ment of infection and progression to clinical TB therefore appear to
depend on successfully balancing the components of these responses.
MATERIALS AND METHODS
Study participants
Two separate cohorts, involving a total of 180 adults were
recruited from Hossana and Butajira Hospitals, 230 and 120 km,
respectively, southwest of Addis Ababa, Ethiopia. Of the study
participants, 76 were newly diagnosed, HIV-, smear-positive
pulmonary TB patients (TB) and 104 were close household
contacts, who had been living together with the index case for at
least 6 months prior to entry to the study. At entry to the study, the
contacts healthy (HHC) contacts who were sputum negative, HIV-
, asymptomatic and had normal chest X-rays. Blood samples were
obtained from all donors at entry to the study and again 6–
8 months later. There was one death among the participants in
this study (a TB patient), but the cause of death was not identified
so this individual was excluded from the analysis. One TB patient
failed therapy and was undergoing retreatment at the time of
followup–she also was not included in the analysis. However, not
all surviving participants could be located or were willing to
provide a second blood sample, and due to technical reasons, two
collections of blood samples were lost, so at 6–8 months of follow-
up, samples from approximately 46% of the original participants
were available for analysis-37 TB patients (TB) and 45 healthy
contacts (HHC). However, those from whom a second blood
sample could not obtained (or for whom the assays could not be
done) were still encouraged to attend the clinic for an examination,
and this group comprised another 16 TB patients and 33 healthy
contacts, for a total retention within the study of 73%. The median
age of all participants was 22 years (range 15–62), and 53% of
participants were male. Physicians at the hospitals performed a full
clinical examination of all participants, with chest X-ray and
sputum collection for smear and culture (where sputum could be
produced) as previously described [15,18]. There were no
significant differences in the composition of those who fully
participated in the followup visit and those who did not, with
regard to age, gender, physical condition, clinical diagnosis or
place of residence. TST results are not available, as the test is
regarded as unreliable in Ethiopia (where a substantial majority of
all adults are reactive [19]) and is neither recommended by local
health authorities nor routinely performed. All participants were
screened for HIV according to National Ministry of Health
guidelines with two rapid tests and confirmed with a further
ELISA at AHRI [14] and HIV-positive individuals were excluded
from the cohort. Pre- and post-test counseling was offered to all
participants and HIV positive individuals (n = 2, both TB patients)
were referred to the Ethiopia Multi-Sectoral AIDS Program,
which provides care and ART. Only adults (15–60 years of age)
who had given written informed consent were included in the
study and this work was performed under a study protocol
approved by the Institutional and National Ethical Review
Committees (AHRI/ALERT and NERC).
Sampling
Blood samples (25 ml) were brought from the study sites to AHRI
laboratory at ambient temperature, in 50ml falcon tubes,
containing 2% sodium EDTA. Sputum samples were also
collected from the study participants for smear microscopy (with
Ziehl Neelsen) and culture, following the standard protocols.
RNA Extraction and RT-PCR
Unstimulated leukocytes were lysed immediately after blood
drawing with the RNEASY Blood RNA system (Quiagen,
Dusseldorf, Germany) according to the manufacturer’s instruc-
tions. The mRNA was transcribed into cDNA, using the
Omniscript reverse transcription kit (Quiagen, Dusseldorf, Ger-
many) with oligo dT primers, (according to the manufacturer’s
instructions), the concentration calculated from the optical density
using a GeneQuant spectrophotometer (Amersham Biosciences,
Amersham, UK) and stored at 220uC until use.
PCR amplification of cytokine mRNA
PCR was carried out in a total volume of 50 ml with 1 mg of cDNA
using the HotStarTaq Master Mix kit (Qiagen, Dusseldorf,
Germany) according to the manufacturer’s instructions. Primers
were designed to span introns so that amplification from genomic
DNA should not occur, and this was confirmed by comparing the
results from PCR of RNA preparations and the cDNA that was
prepared from it. A negative (no template) control was also
included in all PCR assays to test for contamination of reagents.
PCR products were visualized by running on 1% agarose
(Nusieve, FMC, Rockland, ME) gels containing SBYRgreen
(Molecular Probes, Eugene, OR) at 1:10,000 (5 ml in a 50 ml
gel) and normalized against the housekeeping gene, b-actin,
quantitated against standard curves using the same primers but
based on standardized samples containing known copy numbers of
cDNA, as previously described [20]. Our own work carried out
during this study suggests that b-actin is not an ideal housekeeping
gene [21]) but since the intention was to compare samples over
time (and the initial samples had been analyzed using b-actin), it
was retained throughout to ensure comparability. The PCR
conditions and primers used were designed for the project at
University College London (UCL) and the number of cycles was
optimized for each cytokine (IL-4, IL-4d2, IFN-c) as previously
described [15]. The fluorescence of bands in the gel under UV
transillumination was read using a 12-bit CCD camera (Sensicam,
UVP, San Gabriel, CA) and the data analyzed using the supplied
Labworks software.
Statistical analysis
The data obtained are presented as relative expression of the
target gene compared to the housekeeping gene b2actin and are
shown as medians6range when comparing groups. Comparison
of cytokine message levels between different groups was done using
one-way ANOVA (nonparametric, Kruskal-Wallis test), whereas
Th1/Th2 Balance Changes in TB
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changes between baseline and follow-up results (change over time)
were analyzed by pairing individual results and then using a paired
T-test on the grouped data. A P-value#0.05 was considered
statistically significant in both cases.
RESULTS
Assessment of cytokine production at entry to the
study of different clinical cohorts using semi-
quantitative RT-PCR
Participants were recruited first when sputum-positive TB patients
presented at the local TB clinic. Once TB was diagnosed, the index
case was asked to return with their household members so that they
could also be examined-this is standard practice. If, after counselling
and explanation of the study’ aims, they were prepared to enter into
the study, the adult members of the household were enrolled. At
entry to the study, all participants received a clinical examination
and a blood draw. Cells from the peripheral blood of each group
were lysed (without in vitro culture) and mRNA extracted and reverse
transcribed into cDNA to analyse the ex vivo responses. This cDNA
was used for all subsequent analyses. We compared the expression of
IL-4, IFN-c, and IL-4d2 mRNA in healthy household contacts
(designated HHC, n=104) and index cases (designated TB, n=76).
As seen in Figure 1A, there were no significant differences between
these groups when individual cytokines were compared. This is
consistent with earlier results (author’s unpublished data and
[14,15]). However, there was a weak trend towards higher
expression of IL-4 in TB patients and when we compared the ratio
of IFN-c or the IL-4 antagonist IL-4d2 to IL-4, we saw a significant
difference between HHC and TB groups in both cases (Figure 1B).
These data suggest that there is a weak bias towards a more Th2-like
response in the TB patients compared to healthy contacts when
more than one cytokine is considered, but that the use of any single
marker is not very informative. This is perhaps not surprising,
considering the heterogeneous nature of the groups–the contacts
may include individuals in the early stages of TB, those making
protective immune responses as well as uninfected individuals–a
result confirmed by other analyses [14].
Assessment of changes in cytokine production over
time in different clinical cohorts using semi-
quantitative RT-PCR
We attempted to control for some of this variability by
investigating the cytokine responses in these groups 6–8 months
after entry to the study, by which time a better assessment of their
clinical prognosis could be made. At this stage, all the TB patients
but one had completed chemotherapy and had become asymp-
tomatic and culture negative, indicative of successful therapy. We
assessed cytokine production by PCR as before and as shown in
figure 2A, significant declines in mRNA for IL-4 and IL-4d2 were
seen, while IFN-c levels were essentially unchanged. The steep
decline in IL-4 mRNA contributed to a significant increase in both
the IFN-c/IL-4 and IL-4d2/IL-4 ratios, suggestive of a move
towards a more Th1-like response even though IL-4d2 mRNA
also declined somewhat (Figure 2B).
We performed a similar analysis of cytokine expression in the
household contact cohorts, but here the heterogeneous nature of
these groups became apparent. Where the inclusion criteria initially
designated contacts enrolled as Healthy (HHC–meaning no
symptoms or signs of TB) by 6–8 months after entry, some of the
contacts had begun to show TB-like symptoms (though they were
almost all sputum negative and only a few received a clinical
diagnosis of TB (one case of pulmonary TB, 2 cases of
extrapulmonary TB). As shown in Figure 3, when we compared
immune responses in the contacts who had remained asymptomatic
throughout the observation period, there was very little variation in
cytokine mRNA expression whether compared singly or as ratios.
However, when, we analyzed the data in the cohort who were
initially without symptoms but later developed TB-like symptoms
(n= 10) a different pattern emerges, as shown in Figure 4.
Although the median expression of IFN-c and IL-4d2, increased
Figure 1. Comparison of relative levels of IL-4, IL-4d2 and IFN-c mRNA from unstimulated leukocytes of healthy household contacts (HHC,
n = 104) and TB patients (TB, n = 76). Results are presented as medians and ranges of either (A) cytokine message, assessed by RT-PCR, and
normalized against b-actin as a housekeeping gene or (B) the ratio of the normalized values of IL-4d2 and IFN-c divided by the normalized IL-4 value,
as a proxy for the Th1/Th2 balance. Levels of gene expression which were significantly different between groups are indicated, as are the associated p
values. Analysis of differences between the groups was performed by Kruskal-Wallis.
doi:10.1371/journal.pone.0001522.g001
Th1/Th2 Balance Changes in TB
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Figure 2. Comparison of relative levels of cytokine mRNA from unstimulated leukocytes from TB patients (n = 37) before and after treatment.
Results are presented as medians and ranges of either (A) cytokine message, assessed by RT-PCR, and normalized against b-actin as a housekeeping
gene or (B) the ratio of the normalized values of IL-4d2 and IFN-c divided by the normalized IL-4 value, as a proxy for the Th1/Th2 balance. Levels of
gene expression which were significantly different between groups are indicated, as are the associated p values. Analysis of differences within the
groups (over time) was performed by paired t-test.
doi:10.1371/journal.pone.0001522.g002
Figure 3. Comparison of relative levels of IL-4, IL-4d2 and IFN-c mRNA from unstimulated leukocytes of household contacts who remained
symptom-free during the study period (n = 35). Results are presented as medians and ranges of either (A) cytokine message, assessed by RT-PCR,
and normalized against b-actin as a housekeeping gene or (B) the ratio of the normalized values of IL-4d2 and IFN-c divided by the normalized IL-4
value, as a proxy for the Th1/Th2 balance. Levels of gene expression which were significantly different between groups are indicated, as are the
associated p values. Analysis of differences between the groups was performed by Kruskal-Wallis, analysis of differences within the groups was
performed by paired t-test.
doi:10.1371/journal.pone.0001522.g003
Th1/Th2 Balance Changes in TB
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over time, these changes were not significant. This appears to be
due to the very variable response, particularly for IL-4d2: while
some showed increased expression of IL-4d2, nearly half showed
the opposite trend. In contrast, all members of this cohort showed
an increase in IL-4 mRNA expression leading to a falling ratio of
IFN-c and IL-4d2 to IL-4 (Figures 4A and 4B).
This means that although the underlying trends for the ‘‘Th1’’
and ‘‘Th2’’ cytokines appear similar, when taken together, they
give quite different impressions: the ratio of these cytokines
to IL-4 increases in those becoming asymptomatic, and decreases
in those developing TB or TB-like symptoms. (Figures 2
and 4).
DISCUSSION
It is thought that one third of the world’s population is latently-
infected with M. tuberculosis, since only a small proportion of
antigen-responsive (and therefore, presumably infected) individu-
als develop full-blown clinical disease while the majority contain
the infection [22]. However, this is not a totally black and white
situation: it has been known for many decades that some of those
who remain apparently healthy may eventually reactivate their TB
infection, while some of those who eventually control the infection
may pass through a symptomatic phase. Experience from
European sanatoria tells us that even severe disease can persist
for years in the absence of chemotherapy–sometimes resolving,
more often not [23]. The reason for this differential susceptibility is
poorly understood and probably involves multiple innate as well as
acquired immune mechanisms. The study of immune responses in
M. tuberculosis-exposed and possibly infected individuals is therefore
essential in understanding the mechanisms at play.
A number of studies both from in vitro and in vivo experiments
and even from ex vivo studies have indicated the crucial role of
cytokines (particularly the pro-inflammatory cytokines IFN-c,
TNF-a, and IL-12) in TB [24–28]. Less information is available
on the role of other important mediators of immune function such
as IL-4, but what information there is suggests that elevated levels
of inflammation-modulating cytokines such as IL-4 and IL-10 are
associated with a poorer clinical outcome [29–32] or even
development of disease [33].
To address this problem, we looked at levels of the prototypical
Th1/Th2 cytokines IFN-c and IL-4, and the IL-4 antagonist, IL-
4d2 in TB patients and their close, household contacts, both at
entry to the study (when the index case was first identified) and at
the conclusion of treatment of the index case (6–8 months later).
In the recruitment area for the study (Southern Nations and
Nationalities Peoples Region or SNNPR), almost all admissions
are self-referred: thus TB patients are often gravely ill when first
seen at the clinic. Additionally, we screened their household
contacts and if they agreed to participate, enrolled those who
showed no signs of TB or TB-like disease. It should be noted that a
substantial proportion of household contacts (n = 58 in this study,
or roughly 1/3) were excluded from this analysis because they had
already developed TB-like symptoms at the time they were first
seen. However, as they met neither the inclusion criteria for HHC
(not being healthy), nor for TB (not being sputum positive) they
could not be included in the study.
Our clinical studies in Ethiopia have relied on RT-PCR as an
adjunct to in vitro ELISA and ELISpot, because IL-4 has proven
difficult to detect as a protein, being both labile and present in very
low quantities [34]. In addition, current antibody pairs cannot
differentiate IL-4 and IL-4d2 ([35] and author’s unpublished data).
In these studies, plasma was analysed for cytokines by ELISA, but
as expected, IL-4 was detected in very few samples (data not
shown). There was, however, good correlation between protein
levels and mRNA expression for IFN-c [34].
In the present study, the level of individual cytokines was quite
variable and not significantly different, even between TB patients
and the healthy contacts (Figure 1). At first glance, this is different
from other studies where patients with active TB were shown to
have increased numbers of IL-4 secreting T cells [36–38], but
Figure 4. Comparison of relative levels of cytokine mRNA from unstimulated leukocytes of initially healthy household contacts who developed TB-
like symptoms during the study period (n=10). Results are presented as (A) medians and ranges of cytokine message, assessed by RT-PCR, and
normalized against b-actin as a housekeeping gene or (B) the ratio of the normalized values of IL-4d2 and IFN-c divided by the normalized IL-4 value, as a
proxy for the Th1/Th2 balance. Levels of gene expression which were significantly different between groups are indicated, as are the associated p values.
Analysis of differences between the groups was performed by Kruskal-Wallis, analysis of differences within the groups was performed by paired t-test.
doi:10.1371/journal.pone.0001522.g004
Th1/Th2 Balance Changes in TB
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those studies were done in populations resident in developed
countries and typically compare uninfected, non-endemic controls
with TB patients. It is therefore not unexpected that results from
TB-endemic regions where exposure to many pathogens, including
helminthes, is frequent [39] will be different-particularly when
examining contacts who often have weeks, if not months, of exposure
to a sputum positive index case. And yet, these contacts are the very
people whom physicians are most likely to see when considering a
diagnosis of TB. As a result we have not used negative controls from
developed countries, but have instead assumed that members of a
single household will be similarly exposed to pathogens and
environmental factors, so that differences in the immune response
associated with clinical status (with regard to TB) are most likely
related to the TB infection or exposure.
Even taking this limitation into account, a role for IL-4 in the
Ethiopian setting is supported by the significant reduction of IL-4
mRNA seen among treated TB patients at follow-up, implying
that chemotherapy-induced cure of TB reduced IL-4 production
(Figures 2 and 3). This finding is matched by similar, recently
published results in treated TB patients from South Africa [40].
The interpretation is further supported by our previously-
published work, where TB patients were found to have higher
levels of IL-4 than healthy community controls from the same
region of Ethiopia [15] but not contacts, and more recent findings
that elevated expression of IL-4 among TB contacts in this area
correlates with the magnitude of their recognition of ESAT-6 (a
proxy marker for the severity of infection [14,18].
Even more interestingly, that contacts who developed symptoms
consistent with TB (persistent cough, haemoptysis, fever, X-ray
changes, etc) between the two visits showed a significant increase
in the expression of IL-4 mRNA between entry to the study and
follow-up, reaching a level equivalent to that seen in untreated TB
patients. This suggests that IL-4 expression correlates with some
degree to progress to disease (Figure 4). These different outcomes
contrast even more starkly when the ratios of cytokine expression
are compared–where the appearance of symptoms corresponds to
falling ratios of IFN-c and IL-4d2 to IL-4, while their
disappearance corresponds with the opposite trend. While our
inability to prove that all individuals with TB-like symptoms were
in fact TB patients means that the data here cannot be conclusive,
this assumption is supported by the fact that 3 of these individuals
had progressed to full-blown TB at the time of their second visit.
At the very least, these observations do support the hypothesis that
increased expression of IL-4 (especially compared to other
cytokines) in peripheral blood could serve as a surrogate marker
for TB-related disease, and that its reduction may be an indicator
of restoration of immune response following cure due to treatment.
In the present study, we also measured the message level of IFN-
c ex vivo and consistent with our earlier findings, showed that IFN-c
could not discriminate the different cohorts, as its level was
comparable in all the study groups [15]. The persistent expression
of high levels of mRNA for IFN-c is not unexpected, given the
proinflammatory nature of many surface molecules found on M.
tuberculosis (for a review, see [41]). Thus, while it is clearly essential
for protection from M. tuberculosis infection [42–44], the level of
total IFN-c alone appears to be of limited value in differentiating
between exposure, infection and disease, as reported in both
animal [45–47] and human studies [48,49].
However, cytokines do not act in a vacuum and when taken in
context, IFN-c expression can be informative. While it is common
practice to describe an immune response as ‘‘Th1’’ or ‘‘Th2’’, in
reality, few, if any, responses are completely polarized to one
extreme or the other. It is the balance of cytokines such as IFN-c
and IL-4 (and other modulators such as IL-4d2, IL-12, IL-23, etc)
that determines the outcome of the response. When we compare
the ratio of these ‘‘Th1-like’’ and ‘‘Th2-like’’ cytokines, the
association between a profile biased toward Th2-like cytokines and
clinical disease (or an opposite bias, with continued health)
becomes even more pronounced. Similar observations have been
made by other groups, showing that a lower IFN-c/IL-4 mRNA
ratio correlated with a more severe disease in TB patients and that
this ratio was higher among healthy control subjects [14,15,36,50].
A recent publication suggests that this may be in part due to
improved survival of the mRNA for IL-4 compared to its
antagonistic splice variant IL-4d2 in TB patients [38].
In general, the ex vivo cytokine mRNA expression patterns we
detected seemed to reflect the clinical status of the participants in this
study. These observations thus suggest that the higher the IFN-c/IL-
4 mRNA and IL-4d2/IL-4 ratios, the more likely that M. tuberculosis
infection will be controlled in the individual. These ratios could
therefore serve as valuable markers for disease susceptibility or
resistance to TB. However, these patterns cannot be diagnostic of
disease or health on their own, particularly since a single
determination of cytokine mRNA level in peripheral blood at one
moment in time is not adequate by itself as a status marker. More
work is needed to establish reliable bounds for cytokine expression,
and to validate the assumption that the symptomatic contacts are in
fact showing early signs of TB. This work is ongoing.
ACKNOWLEDGMENTS
The authors would like to thank Ato Alemayehu Kifle, Sister Misrak Sisay,
Sister Askale Maru and Dr. Fekadu Lemma for excellent technical
assistance. Hosanna Hospital, the Southern regional Health Bureau and
Ethiopian Science and Technology Agency are gratefully acknowledged for
their assistance with this project.
The VACSEL study group also includes: University College London, Helen
Fletcher (until 2003), University of Zambia School of Medicine, Lusaka, Zambia:
Professor Chifumbe Chintu MD, Gina Mulundu MSc, Dr. Peter Mwaba
MD.PhD. MRC, Gambia: Prof.KPWJ McAdam (until 2003), Patrick
Owiafe, Dr. David Warndorff (2001), Dr. Christian Lienhardt (until
2001), Dr. R Brookes, Dr. Phillip Hill (from 2001).
Author Contributions
Conceived and designed the experiments: GR AZ PA TD. Performed the
experiments: TD LW AD MA HT BP. Analyzed the data: GR TD LW
AD AA MA LY. Contributed reagents/materials/analysis tools: GR TD
HT BP. Wrote the paper: TD LW. Other: Supervised labwork and
students: LY. Supervised and assisted students: AA.
REFERENCES
1. Borgdorff MW, Floyd K, Broekmans JF (2002) Interventions to reduce
tuberculosis mortality and transmission in low- and middle-income countries.
Bull World Health Organ 80: 217–227.
2. Dye C, Scheele S, Dolin P, Pathania V, Raviglione MC (1999) Consensus
statement. Global burden of tuberculosis: estimated incidence, prevalence, and
mortality by country. WHO Global Surveillance and Monitoring Project. Jama
282: 677–686.
3. Bloom BR, Murray CJ (1992) Tuberculosis: commentary on a reemergent killer.
Science 257: 1055–1064.
4. Harries AD, Dye C (2006) Tuberculosis. Ann Trop Med Parasitol 100: 415–431.
5. Becerra MC, Pachao-Torreblanca IF, Bayona J, Celi R, Shin SS, et al. (2005)
Expanding tuberculosis case detection by screening household contacts. Public
Health Rep 120: 271–277.
6. Hill PC, Fox A, Jeffries DJ, Jackson-Sillah D, Lugos MD, et al. (2005)
Quantitative T cell assay reflects infectious load of Mycobacterium tuberculosis
in an endemic case contact model. Clin Infect Dis 40: 273–278.
7. Rieder HL (2003) Contacts of tuberculosis patients in high-incidence countries.
Int J Tuberc Lung Dis 7: S333–336.
Th1/Th2 Balance Changes in TB
PLoS ONE | www.plosone.org 6 January 2008 | Issue 1 | e1522
8. Fletcher HA (2007) Correlates of immune protection from tuberculosis. Curr
Mol Med 7: 319–325.
9. Goter-Robinson C, Derrick SC, Yang AL, Jeon BY, Morris SL (2006) Protection
against an aerogenic Mycobacterium tuberculosis infection in BCG-immunized
and DNA-vaccinated mice is associated with early type I cytokine responses.
Vaccine 24: 3522–3529.
10. Hervas-Stubbs S, Majlessi L, Simsova M, Morova J, Rojas MJ, et al. (2006) High
frequency of CD4+ T cells specific for the TB10.4 protein correlates with
protection against Mycobacterium tuberculosis infection. Infect Immun 74:
3396–3407.
11. Sullivan BM, Jobe O, Lazarevic V, Vasquez K, Bronson R, et al. (2005)
Increased susceptibility of mice lacking T-bet to infection with Mycobacterium
tuberculosis correlates with increased IL-10 and decreased IFN-gamma
production. J Immunol 175: 4593–4602.
12. Andersen P, Doherty TM, Pai M, Weldingh K (2007) The prognosis of latent
tuberculosis: can disease be predicted? Trends Mol Med 13: 175–182.
13. Yoshikai Y (2006) Immunological Protection Against Mycobacterium tubercu-
losis Infection. Crit Rev Immunol 26: 515–526.
14. Demissie A, Wassie L, Abebe M, Aseffa A, Rook G, et al. (2006) The 6-
kilodalton early secreted antigenic target-responsive, asymptomatic contacts of
tuberculosis patients express elevated levels of interleukin-4 and reduced levels of
gamma interferon. Infect Immun 74: 2817–2822.
15. Demissie A, Abebe M, Aseffa A, Rook G, Fletcher H, et al. (2004) Healthy
individuals that control a latent infection with Mycobacterium tuberculosis
express high levels of Th1 cytokines and the IL-4 antagonist IL-4delta2.
J Immunol 172: 6938–6943.
16. Fletcher HA, Owiafe P, Jeffries D, Hill P, Rook GA, et al. (2004) Increased
expression of mRNA encoding interleukin (IL)-4 and its splice variant IL-4delta2
in cells from contacts of Mycobacterium tuberculosis, in the absence of in vitro
stimulation. Immunology 112: 669–673.
17. Rhodes SG, Sawyer J, Whelan AO, Dean GS, Coad M, et al. (2007) Is
interleukin-4delta3 splice variant expression in bovine tuberculosis a marker of
protective immunity? Infect Immun 75: 3006–3013.
18. Doherty TM, Demissie A, Olobo J, Wolday D, Britton S, et al. (2002) Immune
responses to the Mycobacterium tuberculosis-specific antigen ESAT-6 signal
subclinical infection among contacts of tuberculosis patients. J Clin Microbiol
40: 704–706.
19. Tegbaru B, Wolday D, Messele T, Legesse M, Mekonnen Y, et al. (2006)
Tuberculin skin test conversion and reactivity rates among adults with and
without human immunodeficiency virus in urban settings in Ethiopia. Clin
Vaccine Immunol 13: 784–789.
20. Seah GT, Rook GA (1999) A sensitive, non-radioactive quantitative method for
measuring IL-4 and IL-4delta2 mRNA in unstimulated cells from multiple
clinical samples, using nested RT-PCR. J Immunol Methods 228: 139–149.
21. Dheda K, Huggett JF, Bustin SA, Johnson MA, Rook G, et al. (2004) Validation
of housekeeping genes for normalizing RNA expression in real-time PCR.
Biotechniques 37: 112–114, 116, 118–119.
22. van Helden PD, Moller M, Babb C, Warren R, Walzl G, et al. (2006) TB
epidemiology and human genetics. Novartis Found Symp 279: 17–31; discussion
31–41, 216–219.
23. McCarthy OR (2001) The key to the sanatoria. J R Soc Med 94: 413–417.
24. Flynn JL, Chan J (2001) Immunology of tuberculosis. Annu Rev Immunol 19:
93–129.
25. Schluger NW, Rom WN (1998) The host immune response to tuberculosis.
Am J Respir Crit Care Med 157: 679–691.
26. Keane J, Gershon S, Wise RP, Mirabile-Levens E, Kasznica J, et al. (2001)
Tuberculosis associated with infliximab, a tumor necrosis factor alpha-
neutralizing agent. N Engl J Med 345: 1098–1104.
27. Nunez Martinez O, Ripoll Noiseux C, Carneros Martin JA, Gonzalez Lara V,
Gregorio Maranon HG (2001) Reactivation tuberculosis in a patient with anti-
TNF-alpha treatment. Am J Gastroenterol 96: 1665–1666.
28. Flynn JL, Chan J, Triebold KJ, Dalton DK, Stewart TA, et al. (1993) An
essential role for interferon gamma in resistance to Mycobacterium tuberculosis
infection. J Exp Med 178: 2249–2254.
29. Gong JH, Zhang M, Modlin RL, Linsley PS, Iyer D, et al. (1996) Interleukin-10
downregulates Mycobacterium tuberculosis-induced Th1 responses and CTLA-
4 expression. Infect Immun 64: 913–918.
30. Bhattacharyya S, Singla R, Dey AB, Prasad HK (1999) Dichotomy of cytokine
profiles in patients and high-risk healthy subjects exposed to tuberculosis. Infect
Immun 67: 5597–5603.
31. Surcel HM, Troye-Blomberg M, Paulie S, Andersson G, Moreno C, et al. (1994)
Th1/Th2 profiles in tuberculosis, based on the proliferation and cytokine
response of blood lymphocytes to mycobacterial antigens. Immunology 81:
171–176.
32. Lienhardt C, Azzurri A, Amedei A, Fielding K, Sillah J, et al. (2002) Active
tuberculosis in Africa is associated with reduced Th1 and increased Th2 activity
in vivo. Eur J Immunol 32: 1605–1613.
33. Ordway DJ, Costa L, Martins M, Silveira H, Amaral L, et al. (2004) Increased
Interleukin-4 production by CD8 and gammadelta T cells in health-care workers
is associated with the subsequent development of active tuberculosis. J Infect Dis
190: 756–766.
34. Doherty TM, Demissie A, Menzies D, Andersen P, Rook G, et al. (2005) Effect
of sample handling on analysis of cytokine responses to Mycobacterium
tuberculosis in clinical samples using ELISA, ELISPOT and quantitative PCR.
J Immunol Methods 298: 129–141.
35. Seah GT, Gao PS, Hopkin JM, Rook GA (2001) Interleukin-4 and its
alternatively spliced variant (IL-4delta2) in patients with atopic asthma.
Am J Respir Crit Care Med 164: 1016–1018.
36. van Crevel R, Karyadi E, Preyers F, Leenders M, Kullberg BJ, et al. (2000)
Increased production of interleukin 4 by CD4+ and CD8+ T cells from patients
with tuberculosis is related to the presence of pulmonary cavities. J Infect Dis
181: 1194–1197.
37. Seah GT, Rook GA (2001) High levels of mRNA encoding IL-4 in unstimulated
peripheral blood mononuclear cells from tuberculosis patients revealed by
quantitative nested reverse transcriptase-polymerase chain reaction; correlations
with serum IgE levels. Scand J Infect Dis 33: 106–109.
38. Dheda K, Chang JS, Huggett JF, Kim LU, Johnson MA, et al. (2007) The
stability of mRNA encoding IL-4 is increased in pulmonary tuberculosis, while
stability of mRNA encoding the antagonistic splice variant, IL-4delta2, is not.
Tuberculosis (Edinb) 87: 237–241.
39. Elias D, Wolday D, Akuffo H, Petros B, Bronner U, et al. (2001) Effect of
deworming on human T cell responses to mycobacterial antigens in helminth-
exposed individuals before and after bacille Calmette-Guerin (BCG) vaccination.
Clin Exp Immunol 123: 219–225.
40. Roberts T, Beyers N, Aguirre A, Walzl G (2007) Immunosuppression during
active tuberculosis is characterized by decreased interferon- gamma production
and CD25 expression with elevated forkhead box P3, transforming growth
factor-beta, and interleukin-4 mRNA levels. J Infect Dis 195: 870–878.
41. Doherty TM, Andersen P (2005) Vaccines for tuberculosis: novel concepts and
recent progress. Clin Microbiol Rev 18: 687–702.
42. Smith SM, Klein MR, Malin AS, Sillah J, McAdam KP, et al. (2002) Decreased
IFN- gamma and increased IL-4 production by human CD8(+) T cells in
response to Mycobacterium tuberculosis in tuberculosis patients. Tuberculosis
(Edinb) 82: 7–13.
43. Sodhi A, Gong J, Silva C, Qian D, Barnes PF (1997) Clinical correlates of
interferon gamma production in patients with tuberculosis. Clin Infect Dis 25:
617–620.
44. Swaminathan S, Gong J, Zhang M, Samten B, Hanna LE, et al. (1999) Cytokine
production in children with tuberculous infection and disease. Clin Infect Dis 28:
1290–1293.
45. Elias D, Akuffo H, Britton S (2005) PPD induced in vitro interferon gamma
production is not a reliable correlate of protection against Mycobacterium
tuberculosis. Trans R Soc Trop Med Hyg 99: 363–368.
46. Kawahara M, Nakasone T, Honda M (2002) Dynamics of gamma interferon,
interleukin-12 (IL-12), IL-10, and transforming growth factor beta mRNA
expression in primary Mycobacterium bovis BCG infection in guinea pigs
measured by a real-time fluorogenic reverse transcription-PCR assay. Infect
Immun 70: 6614–6620.
47. Vordermeier HM, Chambers MA, Cockle PJ, Whelan AO, Simmons J, et al.
(2002) Correlation of ESAT-6-specific gamma interferon production with
pathology in cattle following Mycobacterium bovis BCG vaccination against
experimental bovine tuberculosis. Infect Immun 70: 3026–3032.
48. Hoft DF, Worku S, Kampmann B, Whalen CC, Ellner JJ, et al. (2002)
Investigation of the relationships between immune-mediated inhibition of
mycobacterial growth and other potential surrogate markers of protective
Mycobacterium tuberculosis immunity. J Infect Dis 186: 1448–1457.
49. Doherty TM, Andersen P (2002) Tuberculosis vaccine development. Curr Opin
Pulm Med 8: 183–187.
50. Seah GT, Scott GM, Rook GA (2000) Type 2 cytokine gene activation and its
relationship to extent of disease in patients with tuberculosis. J Infect Dis 181:
385–389.
Th1/Th2 Balance Changes in TB
PLoS ONE | www.plosone.org 7 January 2008 | Issue 1 | e1522
